The aim of this study was to evaluate the incidence of apoptosis after in vitro culture of isolated follicles derived from vitrified and non-vitrified ovaries. Mouse ovaries were vitrified and their pre-antral follicles were mechanically isolated and cultured for 10 days. Growth and survival rates of the follicles were assessed during the culture period and the ultrastructure of the follicles was studied. The expression of p53, Bcl-2, Bax, Fas, FasL and survivin were analyzed by real-time RT -PCR in different follicular developmental stages. The percentages of apoptotic and necrotic cells were determined using a fluorescein-activated cell sorting (FACS) technique. There were no differences between the growth and survival rates of follicles in the vitrified and non-vitrified groups. All of the evaluated genes were expressed in the pre-antral, large pre-antral and antral follicles in both groups, except Fas mRNA, which was not expressed in the pre-antral follicles. The expression of p53, Bcl2, Bax and FasL mRNA was similar in vitrified and non-vitrified groups; however, Fas mRNAs were more strongly expressed in the antral follicles of the vitrified group than of the control group (P , 0.05). The expression of survivin 140 was lower in the antral follicles of the vitrified group than of the control group (P , 0.05). FACS analysis showed that the percentage of intact cells was lower in the vitrified group than in the non-vitrified group (P , 0.05). This study demonstrated no signs of apoptosis ultrastructurally in cultured follicles; however, vitrification was shown to affect the expression of some genes related to apoptosis.
Introduction
In vitro culture and maturation of immature ovarian follicles is an excellent model to study the development of follicles and the mechanism of folliculogenesis at the genetic level (Liu et al., 2001) . Also, in vitro culture and maturation of immature ovarian follicles is an alternative for preserving the fertility potential of young persons using cryopreserved ovarian tissue.
In the literature, it has been shown that pre-antral follicles can be successfully cultured and matured from fresh samples or frozen samples after using slow-cooled or vitrification techniques (Cortvrindt et al., 1996 (Cortvrindt et al., , 1998 Newton and Illingworth, 2001; Liu et al., 2002; Segino et al., 2005; Haidari et al., 2006 Haidari et al., , 2008 . Newton and Illingworth (2001) reported the in vitro growth of murine-isolated follicles from cryopreserved ovarian tissue using a slow-freezing method; however, the development and survival rate of the follicles was low in culture. Segino et al. (2005) showed that pre-antral follicles isolated from vitrified mouse ovarian tissues developed more slowly than those from fresh samples. Also, recent experiments in our laboratory have shown that isolated follicles derived from vitrified, warmed ovaries produce mature oocytes, and the ultrastructure, growth and maturation observed were similar in vitrified and non-vitrified samples (Haidari et al., 2008) . Thus the cryopreserved follicles have the potential to develop in vitro; however, the developmental rate is lower than that from fresh ovarian tissue.
Apoptosis is a form of programmed cell death and has been implicated in a spectrum of processes associated with normal functions of the ovary and follicular development, such as atresia and corpus luteum regression (Tilly, 1996; Kim et al., 1999; Hussein, 2005; Slot et al., 2006) . Also, apoptosis may be involved in follicular damage during freezing and thawing of the ovary (Demirci et al., 2002; Rimon et al., 2005) .
There are controversial reports about the effects of cryopreservation on the incidence of apoptosis in ovarian tissue after thawing (Demirci et al., 2002; Bedaiwy and Hossein, 2004; Rimon et al., 2005; Tirelli et al., 2005; Hussein et al., 2006; Mazoochi et al., 2008) . Tirelli et al. (2005) observed a significant increase in apoptosis of sow granulosa cells that were frozen slowly. They suggested the increase in apoptosis was probably caused by physical alterations due to low temperature, high salt concentration and impairment of antioxidant metabolism. Similar results were reported by Rimon et al. (2005) , who demonstrated a higher incidence of apoptosis in frozen -thawed human ovarian tissue compared with fresh ovarian tissue.
In contrast, other investigations and our previous report have shown that the incidence of apoptosis in cryopreserved tissue was not significantly different from fresh controls (Demirci et al., 2002; Bedaiwy and Hossein, 2004; Hussein et al., 2006; Mazoochi et al., 2008) .
Despite these studies, there has been very limited attention given to the evaluation of the incidence of apoptosis after in vitro maturation of follicles, especially in cryopreserved samples (Choi et al., 2007) . Choi et al. (2007) evaluated the proportion of apoptotic and necrotic areas in fresh and slow-frozen and vitrified cattle ovaries 1 and 5 days after culture. Their data showed that the death of ovarian cells was significantly increased in the slow-frozen and vitrified ovaries compared with the fresh ovaries on Day 1; however, there was no difference on Day 5 of culture. Haidari et al. (2008) showed no significant differences between the survival rates of vitrified and non-vitrified, cultured, isolated follicles, and they did not observe any ultrastructural changes between vitrified and non-vitrified samples.
It has been demonstrated that several pro-and anti-apoptotic genes are involved in the survival of follicles, such as p53, Bcl-2, Bax, Fas, FasL and survivin (Tilly et al., 1995; Kim et al., 1998; Kugu et al., 1998; Hsu and Hsueh, 2000; Vickers et al., 2000; Slot et al., 2006; Fujino et al., 2008) . Also the importance of these genes and their roles in atresia and follicular apoptosis using mouse knockout models have been shown in several reports (Bergeron et al., 1998; Matikainen et al., 2001; Pru et al., 2008) .
The p53 protein is an antiproliferative transcription factor that controls genomic integrity by inducing cell cycle arrest or apoptosis. This protein is expressed in the apoptotic granulosa cells of atretic follicles (Tilly, 1996) .
Bcl-2 is a survival molecule that resides in the nuclear envelope and mitochondria. Its expression is found in the granulosa cells of both fetal and adult ovaries (Tilly, 1998; Hussein, 2005; Hussein et al., 2006) . Choi et al. (2004) showed a correlation between decreases in the level of Bcl-2 mRNA with the incidence of apoptosis in isolated granulosa cells which were cultured under different hormonal treatment conditions. They considered Bcl-2 to have a critical role in inhibiting the granulosa cell apoptosis pathway.
Bax is a pro-apoptotic protein involved in granulosa cell apoptosis (Tilly et al., 1995) and is an important regulator of follicle growth, but is dispensable for follicle atresia in mice, and a defect in folliculogenesis was shown following Bax deletion (Greenfeld et al., 2007) .
In addition to Bcl-2 family members, the Fas system is significantly involved in apoptosis in the ovary (Kugu et al., 1998; Kim et al., 1999; Slot et al., 2006) . Fas is a transmembrane receptor that belongs to the tumor necrosis factor/nerve growth factor family. It induces apoptosis when bound by Fas ligand (FasL), a type II transmembrane protein (Krammer, 1999) . The expression of Fas and FasL and their functions in the ovary have been shown (Tilly et al., 1995; Sakamaki et al., 1997; Kim et al., 1998 Kim et al., , 1999 Tilly, 1998; Krammer, 1999; Hsu and Hsueh, 2000; Vickers et al., 2000; Porter et al., 2001; Choi et al., 2004; Fujino et al., 2008; Manabe et al., 2008) . Porter et al. (2001) showed higher concentrations of Fas and FasL in bovine atretic follicular cells than in healthy follicles.
Survivin is one member of the apoptosis inhibitor protein family that has been shown to bind and inhibit the cell death effectors, caspase-3 and -7 (Shin et al., 2001) . It has recently been demonstrated in humans and mice (Kobayashi et al., 1999) . Survivin acts in granulosa cells as a bifunctional protein associated with the regulation of the cell cycle and inhibition of apoptosis (Johnson and Bridgham, 2002) .
However, in the literature, there have been no reports regarding the evaluation of the apoptotic-related genes expressed after ovarian vitrification or in in vitro culture and maturation of vitrified samples.
Thus, the present study was the first attempt to evaluate the expression of these pro-and anti-apoptotic genes ( p53, Bcl-2, Bax, Fas, FasL and survivin) in isolated and cultured follicles in different developmental stages from vitrified-warmed and non-vitrified ovaries. Furthermore, analysis of the apoptotic and necrotic cells using the fluorescein-activated cell sorting (FACS) technique in antral follicles 10 days after culturing was performed.
Materials and Methods

Animals and ovarian tissue
Forty female 12-14-day-old National Medical Research Institute (NMRI) mice were cared for and used according to the Tarbiat Modares University Guide for the Care and Use of Laboratory Animals. They were sacrificed by cervical dislocation and their ovaries (2 mm 3 ) were dissected free of fat and mesentery and collected for the following experiments. The ovaries of immature mice were used for this study because they contain a homogeneous population of pre-antral follicles, and in vivo apoptosis is minimal in these follicles.
Experimental design
The collected ovaries were categorized into vitrified and non-vitrified groups. One ovary from each mouse was used randomly for the vitrification procedure and the other was reserved as the non-vitrified (fresh) control group.
Vitrification and warming
The vitrification procedure was based on the method used previously in our laboratory (Salehnia et al., 2002) . Briefly, ovarian tissues were equilibrated in vitrification medium containing 40% ethylene glycol (v/v), 30% Ficoll 70 (w/v) and 1 M sucrose supplemented with bovine serum albumin (EGFS40) for 5 min at room temperature. Ovaries were then placed in 0.5 ml plastic straws with a minimum volume of the vitrification medium, placed on nitrogen vapor for 30 s, and then plunged into liquid nitrogen and maintained there for 1 week. Vitrified ovaries were warmed at room temperature and then placed in a 258C water bath for 20 s. The contents of each straw were expelled into 1 ml of descending concentrations of sucrose (1, 0.5 and 0.25 M) at room temperature for 5 min.
Vitrified, warmed ovaries were equilibrated for 30 min in a-minimal essential medium (a-MEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) before follicle isolation (Haidari et al., 2006) .
Isolation of pre-antral follicles
Non-vitrified and vitrified, warmed ovaries (n ¼ 5 for each group) were placed in 50 ml microdroplets of a-MEM. The pre-antral follicles, 100 -130 mm in diameter, were mechanically isolated from the ovaries using 28-gauge syringe needles under a stereomicroscope and were transferred to new microdroplets (20 ml) of medium. Only follicles containing layers of membrane-enclosed granulosa cells with a centrally located, healthy, visible oocyte and superficial thecal cells were selected. Generally, 15 -20 pre-antral follicles were isolated from either non-vitrified or vitrified, warmed ovaries.
Toxicity test
A toxicity test was performed to evaluate the effects of the vitrification solution on the viability of mouse ovarian follicles. Briefly, the ovaries (n ¼ 5) were exposed to the cryoprotectant solution and passed through all stages of the vitrification procedure, except for plunging into liquid nitrogen. After dehydration, the cryoprotectant was immediately removed from the tissue by transferring the ovaries into descending sucrose solutions for 5 min at room temperature (Salehnia et al., 2002) . The isolation and collection of follicles were done as described before (Haidari et al., 2006) .
Evaluation of the ovarian follicular viability using trypan blue
The survival rate of isolated pre-antral follicles (n , 82) derived from vitrified, non-vitrified and toxicity-tested groups was determined using 0.4% trypan blue (Sigma, St Louis, MO, USA) and examined under an inverted microscope. The follicles were scored as surviving or degenerated; degenerated follicles stained blue, and surviving follicles were unstained (Fauque et al., 2007) .
In vitro culture of pre-antral follicles
Mechanically isolated pre-antral follicles from the non-vitrified and vitrified, warmed ovaries were cultured individually in 20 ml droplets of culture medium overlaid with mineral oil in 60 mm Petri dishes in a humidified atmosphere of 5% CO 2 in air at 378C for 10 days. The culture medium consisted of a-MEM supplemented with 5% FBS (Gibco), 100 mIU/ml recombinant follicle-stimulating hormone (rFSH or Gonal-f; Serono, Geneva, Switzerland), 1% ITS (5 mg/ml insulin, 5 mg/ml transferrin, 5 ng/ml selenium; Sigma), 20 ng/ml murine recombinant epidermal growth factor (Sigma), 100 IU/ml penicillin and 100 mg/ml streptomycin. Media were changed by refreshing one-half (10 ml) of the medium every other day (Haidari et al., 2006) .
Assessment of follicular survival and growth
The survival rate of follicles was checked under an inverted microscope during the culture period and was compared on the 6th and 10th days of culture. During the culture, the follicles were considered to have survived if their structure remained normal and there was close contact between the oocyte and the surrounding granulosa cells; the follicles were considered to be atretic if there was disruption of intercellular contact with the oocyte and granulosa cells (Segino et al., 2005) .
The follicles and oocyte diameters were measured at Â100 magnifications with a pre-calibrated ocular micrometer under an inverted microscope (Segino et al., 2005) .
Transmission electron microscopy
All chemicals were obtained from TAAB Laboratories Ltd (Berkshire, UK). The cultured, isolated follicles in the vitrified and non-vitrified groups were randomly collected on Day 4 of culture (n ¼ 5). They were fixed in 2.5% glutaraldehyde in phosphate-buffered saline (pH 7.4) at room temperature for 1.5 h and post-fixed in 1% osmium tetroxide for 2 h.
After dehydration in ascending acetone concentrations, the samples were embedded in Epon 812 resin. The semi-thin sections were stained with 1% toluidine blue, and ultra-thin sections were stained with alcoholic uranyl acetate and aqueous lead citrate. The sections were then examined using a transmission electron microscope (Zeiss, Gottingen, Germany).
RNA extraction
Since follicular atresia is initiated by apoptosis of the granulosa cells (Uma et al., 2003) , the oocytes were mechanically denuded from cultured follicles and the remainder of the follicles were collected and pooled in vitrified and non-vitrified groups, as follows: (i) pre-antral follicles at the beginning of culture (this day was considered as Day 0); (ii) large pre-antral follicles on Day 6 of culture, and (iii) antral follicles on Day 10 of culture.
After washing the samples in PBS and centrifuging at 1000 Âg for 10 min, total RNA was extracted from all of the earlier-mentioned groups using an RNeasy MiniKit (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. The RNA concentration was determined by spectrophotometry and adjusted to a concentration of 250 ng/ml. Using oligo dT, RNA was reverse-transcribed by Moloney murine leukemia virus (M-MLV) reverse transcriptase. Using specified primers (Table I) , the p53, Bcl2, Bax, Fas, FasL and survivin genes were amplified. b2m gene was used as an internal control and its expression was checked between different developmental stages of follicles. We did not observe any remarkable changes in the expression of b2m among preantral, large antral and antral stages.
Three murine survivin cDNA clones (40, 121 and 140) have been isolated, hence we used two reverse primers for the detection of the three survivin mRNAs (Conway et al., 2000) . After reverse transcription, 5 ml of reverse-transcribed cDNA product was added to the PCR reaction with 2.5 ml of 10Â PCR buffer, 0.5 ml of 10 mM dNTP mix, 0.25 ml Taq DNA polymerase (Roche Molecular System, Mannheim, Germany) and 1 ml of each primer. The reaction volume was made to 25 ml with H 2 O. The PCR reaction cycles were set as: denaturation at 958C for 30 s, annealing at 568C (for Bax, Bcl-2 and survivin) and at 578C (for p53, Fas and FasL) for 45 s and elongation at 728C for 45 s for 30 cycles.
On 1.5% (w/v) agarose gel, 10 ml of each amplified product was separated, stained with 1 mg/ml ethidium bromide (Sigma) and photographed under UV light.
Real-time RT -PCR
After extraction of total RNA, and reconfirmation of gene expression with RT-PCR, one-step real-time PCR was performed on Rotor-gene 3000 (Corbett) real-time thermal cycler according to QuantiTect SYBR Green RT-PCR kit (Qiagen; catalog no.204243). Real-time PCR study was done in both vitrified and non-vitrified groups for all listed genes in Table I . Prior to the quantitative analysis, optimization procedures were performed by running real-time PCRs with or without template to verify the reaction conditions, including the annealing temperatures of the primers and specific products.
For target sequence amplifications, 100 ng (5 ml) of RNA was used per 25 ml reaction volume. After completing the PCR run, melt curve analysis was used to confirm the amplified product. For each sample, the reference gene (b2M) and the target genes were amplified in the same run. Standard curves were obtained using the logarithmic dilution series of total RNA.
Apoptosis and cultured vitrified follicles
Then relative quantification of target genes was determined using the Pfaffl method.
Flow cytometry
To detect intact, necrotic and apoptotic cells, flow cytometry was performed. The samples were obtained from vitrified and non-vitrified isolated follicles on Day 10 of culture and from the same stage of follicles in in vivo conditions. (The last group was analyzed for comparing in vivo and in vitro conditions.) The oocytes were denuded mechanically and the remaining follicular cells were collected and pooled. The follicular cells were separated from each other with 0.25% trypsin/0.04% EDTA in PBS, followed by 2% BSA to prevent further damage during processing. The cells (10 6 cells/ml) were filtered through a 30-mm nylon mesh filter and incubated for 15 min in the dark at room temperature in annexin V incubation reagent, according to the instructions in a commercial assay kit (R&D Apoptosis Detection Kit, Wiesbaden-Nordenstadt, Germany). With this technique, intact live cells (annexin V-negative/PI-negative), early apoptotic cells (annexin V-positive/PI-negative) and necrotic or late apoptotic cells (PI-positive) were distinguished. All FACS analyses were performed on a PAS III flow cytometer (Partec, Gorlitz, Germany) and the data were analyzed using Partec Flomax.
Statistical analysis
Statistical analysis was done with SPSS 13.0 software. The survival rates of follicles and the results of flow cytometry were assessed by the x 2 test, and oocyte and follicular diameters were analyzed by Student's t-test.
The real-time RT -PCR experiments were repeated three times and the results were compared by one-way ANOVA test and post hoc Tukey honest significant difference test (P 0.05).
Results
Follicular viability after vitrification and warming and toxicity
The survival rate of isolated follicles derived from non-vitrified, vitrified and toxicity-tested samples was determined using 0.4% trypan blue; the proportions of surviving isolated pre-antral follicles were 90.2% (74/82), 80.0% (68/85) and 85.8% (73/85), respectively. There were no significant differences in survival rates between the groups (P . 0.05).
Survival and in vitro maturation of follicles
Developmental characteristics of cultured follicles derived from vitrified and non-vitrified ovaries are summarized in Table II . The survival rates of follicles on the 6th day of culture in the vitrified and nonvitrified groups were 72.1 and 78.6%, respectively, and the survival rates at the end of the culture period were 66.9 and 72.6%, respectively; there was no significant differences between the two groups. The oocyte diameters of the isolated follicles from the non-vitrified and vitrified groups on the first day of culture were 53.9 + 2.5 and 54.2 + 3.6 mm, respectively, and at the end of the culture period, the oocyte diameters were 65.8 + 2.7 and 65.6 + 3.1 mm, respectively; the differences between the groups were not significant. The follicular sizes in the non-vitrified and vitrified groups at the beginning of the culture were 121.6 + 8.6 and 124.3 + 7.7 mm, respectively; the follicular sizes on Day 2 of culture were 155.3 + 8.9 and 133.0 + 7.7 mm, respectively; and the follicular sizes on Day 4 were 201.3 + 11.8 and 197.1 + 10.8 mm, respectively. Significant differences existed between the vitrified and non-vitrified groups only on Day 2 of culture (P , 0.05).
Antrum formation was observed in some of follicles from Day 8 onwards; however, there was no significant differences between the non-vitrified and vitrified groups. The rates of antrum formation in the vitrified and non-vitrified groups on 10 Day of culture were 37.6 and 43.5%, respectively.
Ultrastructural observations
Electron micrographs of vitrified and non-vitrified ovaries demonstrated that the pre-antral follicles consisted of oocytes surrounded by several layers of polyhedral granulosa and flattened theca cells.
The oocytes had a euchromatin nucleus at the germinal vesicle stage. The granulosa and thecal cells had normal morphology in both groups. The euchromatin nuclei showed peripheral aggregates of heterochromatin and no sign of apoptosis or chromatin condensation. Also, the mitochondria showed a typical ultrastructure (Fig. 1) .
Expression of apoptosis-related genes in cultured follicles derived from vitrified and non-vitrified ovaries
In this study, mRNA levels of several apoptosis-associated genes ( p53, Bcl2, Bax, Fas, FasL and survivin) were evaluated in three stages of culturing follicles (pre-antral, large pre-antral and antral) by real-time RT -PCR. The examined apoptotic genes were expressed differently, but among these genes, survivin 121 was not detected in pre-antral, large pre-antral and antral follicles in either the vitrified or non-vitrified samples. In addition, Fas mRNA was not detected in the pre-antral stage in either group (Fig. 2) .
The expression of the target genes compared with the housekeeping gene in all developmental stages of the follicles is shown in Fig. 3 . As the results demonstrated, among the studied genes, the expression of p53, Bcl-2, Bax, Bax/Bcl-2 and survivin 40 did not change significantly in the pre-antral, large pre-antral and antral follicles in both groups. On Day 10 of culture, the level of Fas mRNA in antral follicles was significantly higher in the vitrified group compared with the non-vitrified group, but the survivin mRNA level was significantly lower in this group in comparison with its control (P , 0.05).
Comparison of expression of apoptosis-related genes in different stages of follicle development
Comparison of apoptotic genes expression in different developmental stages of follicles revealed variations (Fig. 3) . The expression of p53 was lower in antral follicles than at other developmental stages of follicles in both groups of the study and was maximum in the pre-antral stage (Fig. 3A) .
The maximum and minimum expression of Bcl-2 was observed in the pre-antral and large pre-antral follicles, respectively (Fig. 3B ). There were no significant differences between Bcl-2 expression in the pre-antral, large pre-antral and antral follicles either in the vitrified or in the non-vitrified groups (P . 0.05).
The expression of Bax mRNA was not significantly different between the groups at the pre-antral stage and it was decreased in the large pre-antral follicles and antral follicles (P , 0.05) in both vitrified and non-vitrified ovaries (Fig. 3C) .
The ratio of Bax/Bcl-2 mRNA was not significantly different between all follicles at different stages in both groups of the study (Fig. 3D) .
Fas mRNA was not detected in the pre-antral follicles; however, its expression was increased during maturation towards the antral stage in vitrified groups (Fig. 3E) .
The level of the FasL gene expression was low in pre-antral follicles and increased towards antral stage in both groups of the study, but the differences were not significantly different (Fig. 3F) .
The level of the survivin 140 gene expression was low in the large pre-antral follicles and increased in the antral stage in the non-vitrified group (P , 0.05); no significant differences between the pre-antral, large pre-antral and antral follicles in the vitrified groups were evident (Fig. 3G) .
The survivin 40 expression showed a similar pattern in both groups and there were no significant differences in its expression at different follicular stages (Fig. 3H) .
Flow cytometry
The results of the flow cytometry analysis of antral follicles in the non-vitrified, vitrified and in vivo groups are summarized in Table III .
The greatest percentage of intact cells at the antral follicle stage was observed in the non-vitrified group (68.8 + 3.8%) in comparison with the vitrified (56.5 + 5.1%) and in vivo groups (52.2 + 5.2%; P , 0.05). Similarly, the percentage of necrotic cells (1.4 + 2.2%) and late apoptotic cells (0.1 + 0.01%) was significantly lower in the non-vitrified group in comparison with the vitrified and in vivo control groups (P , 0.05).
The proportions of early apoptotic cells in the non-vitrified, vitrified and in vivo groups were 29.7 + 3.3, 36.4 + 3.9 and 39.9 + 6.6%, respectively, and there was no significant difference between the vitrified and non-vitrified samples, whereas it was significant between the in vivo groups and non-vitrified groups (P , 0.05).
Discussion
Our results showed that the survival and growth rates of cultured preantral follicles derived from vitrified and non-vitrified samples were similar and there were no statistically significant differences. Only the diameter of the cultured follicles in the non-vitrified group was significantly larger than the vitrified samples on Day 2 of culture; however, after that, the difference was not significant. These data suggest that during vitrification and warming, some changes took place, which could cause delay in cell growth and proliferation of follicular cells, but the changes were reversible. This is consistent with a lack of significant differences in IVM outcomes between cryopreserved and fresh groups of oocytes (Liu et al., 2003; Haidari et al., 2006) .
There exist conflicting reports regarding the effects of cryopreservation on the incidence of apoptosis (Demirci et al., 2002; Bedaiwy and Hossein, 2004; Rimon et al., 2005; Tirelli et al., 2005; Hussein et al., 2006; Mazoochi et al., 2008) . In our previous work, we showed that just after vitrification and warming of the mouse ovarian tissue, no sign of apoptosis was found using TUNEL, DNA laddering and transmission electron microscopic study (Mazoochi Rimon et al. (2005) have shown that the ovarian follicles in slow-cooled samples demonstrate a higher incidence of apoptosis compared with controls. They concluded that follicular apoptosis might be a consequence of the freezing and thawing procedure (Rimon et al., 2005) .
However, apoptosis is a dynamic process and it may take place some hours after cryopreservation or during the in vitro maturation period. In this study, our ultrastructural observations showed that on Day 4 of culture, there were not any apoptotic changes in oocyte and follicular and thecal cells of cultured follicles derived from vitrified and non-vitrified samples. In contrast, some investigations showed that after follicular or granulosa cells were cultured in vitro, apoptotic cell death took place (Chun et al., 1996; Yang and Rajamahendran, 2000; Ikeda et al., 2003) either in cryopreserved or fresh samples. The study of Ikeda et al. (2003) demonstrated that cumulus cells in bovine cumulus-enclosed oocytes spontaneously undergo apoptosis during in vitro maturation (Ikeda et al., 2003) . In agreement with these results, Yang and Rajamahendran (2000) showed that granulosa cells from small, medium and large follicles undergo apoptosis in serum-free culture conditions, and FSH and IGF-I can inhibit apoptosis in these cells. Our explanation for these different observations may be due to the methods of cryopreservation and safety of vitrification compared with other techniques or the impact of follicular culture media which has been used by some investigators; additional studies may be needed to improve the required supplements.
We have demonstrated for the first time the expression of several apoptotic-related genes using real-time RT -PCR technique at different stages of in vitro follicular maturation in vitrified and non-vitrified samples.
Our observations demonstrated no significant difference between the p53 mRNA level in vitrified and non-vitrified, cultured follicles (P . 0.05). Since p53 protein controls genomic integrity by inducing cell cycle arrest or apoptosis, our results suggest genomic integrity following vitrification-warming may be well-preserved. The vitrification technique which we have used in this study had not affected the p53 expression level, nor the Bax:bcl-2 ratio in ovarian follicles. Similar results were shown by Hussein et al. (2006) , in which they demonstrated p53 expression was not altered after slow-freezing.
In our study, the Fas mRNA was not detected in pre-antral follicles. We speculate that the absence of this pro-apoptotic gene may be responsible for the absence of signs of apoptosis in this stage of follicular development. This is in agreement with the results reported by Slot et al. (2006) , who did not observe Fas protein in the granulosa cells of healthy pre-antral follicles.
Also, we showed that the Fas and FasL mRNA levels were lowest in pre-antral follicles and increased towards the antral stage. This may be caused by an increase in the incidence of atresia in these developmental stages similar to the in vivo condition. This is in agreement with previous reports which showed that Fas mRNA level was increased during porcine follicular atresia (Inoue et al., 2006) , and a high incidence of atresia was prominent in the large follicles (Yu et al., 2004) . The study of Kim et al. (1999) demonstrated that the Fas/FasL system may be involved in the apoptosis of granulosa cells in late stages of follicular maturation.
Little is known about the existence and the role of the survivin in ovarian follicles. In the present study, we detected survivin 40 and 140 transcripts in ovarian follicles across the developmental stages and demonstrated that the expression of survivin 140 increased towards the antral stage in non-vitrified groups. Other forms of survivin did not show notable changes between different developmental stages. This suggests a possible physiologic role for survivin 140, over other variants of survivin, in the maintenance of follicular integrity and in the protection of follicles against apoptosis. Johnson and Bridgham (2002) showed that highest levels of survivin mRNA during follicle development occur in mitotically active granulosa cells. They concluded that this protein acts as a regulator of the cell cycle and an inhibitor of apoptosis.
Moreover, our data showed for the first time that on Day 10 of culture, the level of Fas mRNA in antral follicles was significantly higher in the vitrified group and it contrasted with the other observation that survivin mRNA level was significantly lower in this group Apoptosis and cultured vitrified follicles in comparison with non-vitrified samples (P , 0.05). As shown in the literature, survivin directly interacts with several caspases to inhibit apoptosis (Ambrosini et al., 1997 , Shin et al., 2001 , and the levels of survivin mRNA expression decrease during the stages of follicles atresia (Johnson and Bridgham, 2002) . We speculated that a significant increase in the expression of survivin could result in the survival of the follicles in non-vitrified samples during in vitro maturation. However, the decrease in the expression rate of this gene and the increase in the expression of Fas gene in the vitrified group could show the impact of vitrification on transcription of these genes.
However, we did not observe any noticeable ultrastructural changes in the follicular cells after vitrification and culture. Complementary expression studies at the post-translational level using appropriate techniques such as western blot would be required to assess whether the gene expression changes observed here have a functional effect.
In agreement with our findings, Liu et al. (2003) reported that cryopreservation induces the expression of heat shock proteins, DNA-damage-inducible protein 45 and death-related apoptosis genes including Fas and Fas-ligand. Figure 3 The ratio of genes expression of p53 (A), Bcl-2 (B), Bax (C) to b2m and the ratio of Bax to Bcl-2 (D), the ratio of Fas (E), FasL (F), survivin FACS analysis showed that the percentage of intact cells was significantly higher in the non-vitrified group compared with the vitrified group. We speculate that the vitrification may affect the integrity of the follicular cells, which was not reflected in their morphology. This suggestion is in agreement with our findings on gene expression obtained by real-time RT-PCR. However, significant differences were not seen in early apoptotic cell populations between the vitrified and non-vitrified groups. In this regard, our previous research showed that the developmental and survival rates of cultured, isolated follicles derived from vitrified and non-vitrified samples were almost the same and there were no significant differences between their growth and maturation rates in MII stages (Haidari et al., 2008) .
Comparison between the in vitro (vitrified and non-vitrified) and in vivo conditions revealed that the percentage of intact cells was significantly lower in in vivo follicles (P , 0.05). This may be due to the high level of some growth factors and hormones, such as FSHs, which have been used as supplementary factors in the culture media. It is known that FSH and epidermal growth factor act as survival factors (Chun et al., 1996; Kim et al., 1999; Yang and Rajamahendran, 2000; Yu et al., 2004) , and during in vitro culture, these factors were added to the media in supraphysiological levels, thus there was less competition between follicles to gain this factor in vitro compared with the situation in vivo.
In conclusion, the present study indicated that no signs of apoptosis were found by morphological and ultrastructural studies in the vitrified, cultured pre-antral follicles. However, real-time RT-PCR demonstrated that the vitrification affected the expression of some genes related to apoptosis. Additional studies at the protein level are required to confirm these changes. Significant differences within the same column compared with vitrified group (P , 0.05).
